Large Hadron Collider (LHC) has provided direct evidence of Yukawa couplings between the third generation charged fermions and the 125 GeV Higgs boson. Whether the first two generation charged fermions arise from exactly the same mechanism becomes the next interesting question. Therefore, direct measurements of charm or muon Yukawa couplings will be crucial to answering this puzzle. The charm Yukawa measurement at the LHC suffers from severe QCD background and it is extremely difficult to reach the sensitivity. In this paper, we compare the potential of probing charm Yukawa coupling at the two proposed future "Higgs Factory" experiments, the Large Hadron electron Collider (LHeC) and Circular electron positron collider (CEPC). At the LHeC, Higgs bosons will be produced via weak boson fusion and the energetic forward jet may suppress the background significantly. However, due to huge γ − g scattering background, the potential of LHeC search is still limited. With −80% polarized electron beam of 60 GeV, the signal significance can only reach 2σ for κ c 1 with a 3 ab −1 integrated luminosity. In comparison, measurement at the CEPC can then reach 8.0σ for κ c 1 with a 2 ab −1 of data.
I. INTRODUCTION
The observation of Higgs boson decays in di-photon, four-lepton, di-lepton channels [1, 2] has provided convincing evidence that the Higgs boson is responsible for generation of the weak gauge boson masses through electroweak gauge symmetry breaking (EWSB). Generation of all charged fermion masses is accommodated in the standard model (SM) as a result of
5 ) chiral symmetry breaking as well as EWSB, while the electrically neutral neutrino may contain a Majorana component. However, by far, direct measurements of Yukawa couplings have been confirmed at the LHC for only the 3 rd generation charged fermions, i.e., h → bb decay mode in the associated production (VH) [3, 4] and h → τ + τ − with a branching fraction at the percent level measured by ATLAS and CMS individually [5, 6] ;
and the direct measurement of (ttH) [3, 7] . With the LHC upgraded to its high-luminosity mode (HL-LHC), measurements of the Yukawa couplings of the 3 rd generation charged fermions are expected to reach an O(10-20)% accuracy [8] .
The fermion mass m f can be written as
where v 0 is the vacuum expectation value of the 125 GeV Higgs boson and y f is the Yukawa coupling from the term y fψL ψ R h. ∆m f is identified as the contribution to m f from physics beyond the standard model (BSM). The precision measurement of y f will then provide a probe of the new physics associated with ∆m f . Because of the SU (2) L × U (1) Y gauge structure, the SM charged fermion masses arise from couplings between SU (2) doublets. In many models such as two-Higgsdoublet models (2HDM) [9] , ∆m f is proportional to the corresponding Yukawa coupling y f and y f = 0 corresponds to the chiral symmetry limit. In this case, precision measurement of y b is sufficient to probe the new physics scale. However, the coupling y f may not be the only source of chiral symmetry breaking. There is evidence for the Yukawa interaction of the 3 rd generation charged fermions from direct measurements. The couplings have the form realized from a remnant of gauged SU (3) H horizontal symmetry after the Majorana neutrino mass matrix breaking [15, 16] . Direct observation of the Yukawa couplings of the first two generation charged fermions is critically important for solving the above puzzle in the Higgs sector.
The channel h → µ + µ − as the cleanest decay mode at the LHC is possible to be observed in spite of the 0.2‰ branching ratio [17, 18] . ATLAS and CMS have presented that their observed upper limits are 2.9 and 2.2 times the SM prediction, but with very low standard deviation [19, 20] .
The measurement of h → e + e − still faces huge challenges due to the tiny coupling, and only gives loose bounds [21, 22] . In contrast to h → µ + µ − , the first two generation hadronic decay modes of the Higgs not only suffer from low branching ratio, but are also very difficult to be distinguished from QCD backgrounds at the LHC. However, some new methods have been proposed to constrain the Yukawa couplings of the light quarks (u, d, s) [23] [24] [25] [26] [27] [28] [29] [30] [31] . For h → cc decay mode, ATLAS has recently presented preliminary direct search [32] using JetFitterCharm algorithm [33] . A future optimistic bound suggests that 6 times the SM rate at 95% C.L. is achievable at the HL-LHC [34] .
In principle, there are two practicable methods for probing the Higgs-charm Yukawa coupling (y c ).
One approach is to exploit charm tagging and directly probe the charm Yukawa coupling through h → cc inclusive decay mode. The cleanest channel is the associated production of the Higgs with a vector boson (V H) [12, 35] . Recently, other channels are also proposed for probing the charm Yukawa coupling, such as the gluon-gluon fusion production (ggH) gg → h → ccγ [36] and the associated production process gc → ch [37] , which give |κ c | < 8.3 and |κ c | < 3.9 (95% C.L.)
at the LHC with 3 ab −1 , where
The second approach is to measure rare exclusive decays of the form h → M V , where M denotes a vector meson and V is one of the gauge bosons 1 The Applequist-Chanowitz Unitarity→ V L V L [10] [11] [12] provided the constraints over all SM fermion mass generation assuming no Yukawa coupling
The stronger unitarity bound comes from→ nV L process [13, 14] , which gives √ s 31, 52, 77, 84 TeV.
W , Z and γ. This method is viable for any first or second generation quark [24] . In order to extract the charm Yukawa, h → J/Ψγ → µ + µ − γ channel is used in [12, 38] .
Given the difficulty at the LHC, we study the measurement of y c at electron-hadron colliders and positron-electron colliders, e.g., the Large Hadron Electron Collider (LHeC) at CERN and the Circular Electron-Positron Collider (CEPC). The LHeC is constructed by adding one electron beam of 60-140 GeV to the current LHC with the 7 TeV proton beam and a forward detector.
As a deep inealastic scattering (DIS) facility, it can be a higgs factory in which Higgs bosons are mainly produced via vector-boson fusion (VBF) processes [39] . It provides some distinctive features of the signal -a Higgs decays to a cc pair in the central region and a jet is produced in the forward direction. CEPC as a positron-electron collider could produce a large number of Higgs bosons through the e + e − → Zh process at a center-of-mass energy of √ s ∼ 240 GeV [40] , which provides the cleanest channel for probing h → cc without other large QCD backgrounds. The fixed √ s is also desirable in the reconstruction of the invariant mass of the final states.
The rest of this paper is organized as follows. In section II, we assess the physics potential of probing the Higgs-charm Yukawa at the LHeC through analysis of signal and main backgrounds based on studies of differential distributions and kinematic features in search channels, selection cuts and observable reconstruction, and simulation of the signal-to-background ratio (S/B) and significance (Z). In section III, we move on to the positron and electron collider -CEPC, and discuss the possibility of probing charm Yukawa in different Z boson decay channels. Finally, we conclude in section IV.
II. PHENOMENOLOGY OF THE CHARM YUKAWA AT THE LHEC

A. Signal and backgrounds
At the e−p collider, the Higgs-charm Yukawa coupling could be probed through three different modes shown in quark and a gauge boson. We could study the interference between these processes and other We drop the neutral current process for its smaller cross section and additional backgrounds, and require the forward jet to be a light-jet (u, s, d and g) 2 .
Since only left-handed electrons from the initial beam contribute in this process, we tentatively set the electron beam with polarization of -80% to improve the signal production rate. By the way j only denotes a light-jet unless otherwise noted. c-jet and b-jet are indicated as c and b explicitly.
Processes containing the Higgs-charm Yukawa coupling at the LHeC. An initial γ indicates that it is from the collinear radiation of the incoming electron, for which an effective photon approximation (EPA) [41] can be used in the calculation. g is the gluon from the proton beam. H is the Higgs boson in the SM.
The Monte-Carlo events are generated by MadGraph5 v2.6.4 [42] at parton level. We use Pythia6.420 [43] and Delphes3.3.0 [44] for parton shower and detector simulations respectively.
At parton level, we impose the following basic cuts
• |η ,j | < 5,
where j denotes all kinds of hadronic jet (j = light-jet, c-jet and b-jet), is the lepton (e, µ).
It has been argued that the p T > 5 GeV requirement would not break the convergence of the perturbative calculation [45, 46] . When E e = 60 GeV and E p = 7 TeV, the total cross section of WBF production can be as large as 84.83 fb. Quoting the updated calculation of the branching ratio of the Higgs boson hadronic decay in the SM [47] ,
47 fb is within the detector resolution at the LHeC.
The analysis of the background is performed as in [48] . The leading irreducible background comes from / E T +muliti-jets. In order to distinguish c-jet from others in the final states, we classify all jets into three categories: light-jet, c-jet, and b-jet in the background, e.g. ν e jjj, ν e ccj and so on. Hence the irreducible backgrounds are e − p → ν e jjj, ν e ccj, ν e bbj, etc.
These backgrounds include some subprocesses from on-shell particles decay h → bb, W → jj, cj, fusion subprocesses with gauge bosons exchanged, and the interference between them.
Among the reducible backgrounds, the largest would be the photo-production processes, which can be classified into two categories:
where γ is from the EPA and p denotes the initial parton. The first category includes the photonquark and photon-gluon fusion, while the second only has the photon-gluon fusion subprocess because of the production of the on-shell top quark in the final states. All decay modes of the top quark are included when generating this process.
The second largest reducible background is the single top quark production via WBF process followed by top quark decay:
Here we restrict the forward jets to light-jets just like in the signal case, since the c-jet or b-jet appears in the final state only when the initial parton from the proton is charm or bottom, which is insignificant. A summary of the unpolarized and polarized cross sections of the signal and backgrounds is given in Table. I. It is shown that the backgrounds are far larger than the signal after the -80% polarized electron beam has been set. Effective cuts are needed to reduce the huge backgrounds. Since the signal we focus on is a charged current process and only left-hand electrons contribute, the sole effect of the polarized electron beam is to increase the electron luminosity by 80% compared to the unpolarized case. The same increase also occurs to the / E T + multi-jets
and ν e btj backgrounds, as is reflected by the differences in the polarized and unpolarized cross sections. In contrast, the γp backgrounds are not sensitive to the polarization of the electrons. In the following we will explore these processes when the initial unpolarized electron beam has the energy of 60 GeV and generalize this analysis to the -80% polarization case. TABLE I: Cross-sections (in fb) for the signal and four main backgrounds when E e = 60 GeV with/without polarization of -80%.
B. Selection cuts
Restricting the forward jet to be light for the signal induces a deviation in comparison with / E T + multi-jets and photo-production processes. Then a central jet veto can reduce the backgrounds like the photo-production which contain extra QCD radiations in the central region. The obvious feature of the signal is that the distribution of the invariant mass M (c, c) of the two c-jets from Higgs boson decays has a peak at 125 GeV. In order to extract the right jets to construct the invariant mass M (c, c), we can choose the two of the remaining jets, whose M (c, c) is closest to the 125 GeV peak, after excluding the one with the maximal pseudorapidity. Of course the distribution of the / E T is different between the signal and the photo-production backgrounds because the γp → multi-jets process lacks missing transverse energy at parton level, and the γp → tt only produces neutrinos from top quark semi-leptonic decays that have relatively small branching ratios. Meanwhile, a veto on events with extra leptons could suppress the backgrounds containing top quarks. In Fig.2 , distributions of the M (c, c) and M (c, c, j) are plotted respectively, where the red line corresponds to the signal, the green, cyan, blue and magenta lines correspond to the four main backgrounds. We found the tt(γp) background has the largest overlap with the signal in these distributions. The signal peak of the M (c, c) distribution has a small deviation from the Higgs mass pole from the full detector simulation. Therefore, we adopt the following selection cuts criteria at the LHeC:
i. We require the jet with the maximal pseudo-rapidity is the light-jet (forward light-jet) and
ii. A veto on events with any soft jets in the central region with p So far we only set the kinematic cuts and have not considered the tagging and mis-tag efficiency. In fact, tagging system is crucial for the search of h → cc. A high c-tagging efficiency and a low misidentification rate could reduce the multi-jets background dramatically. For instance, the γp → jjj process contributes 55% to the total cross section of the multi-jets(γp) background, whereas the rate of the light-jet faking to c-jets in the final state is only at percent level. Even though some background events pass all kinematic selection cuts, they are still suppressed by a mis-tag efficiency of O(10 −1 − 10 −2 ) at least. Based on the ATLAS and previous measurements of the charm Yukawa [32, 36] , we assume the optimistic c-tagging efficiency and b-jet, light-jet mis-tag rate as in Table. II. The cut-flow for the signal and background events is presented in Ta T cuts suppress the multi-jets(γp) background by approximately two orders. At last, after implementing the assumed tagging efficiency in Table. II, the remaining background events have a dramatic decline and become much closer to the signal.
C. Results
We calculate the signal significance Z through Z = S √ S + B where S repsesents the number of signal events. The overall background B including the 1% systematic error reads B = Σ i B i + Σ i (0.01B i ) 2 (i = / E T + multi-jets, multi-jets(γp), tt(γp) and ν e btj). To estimate the effect of varying the charm Yukawa coupling on the h → cc branching ratio, we use the following formula: Therefore, the initial polarization is helpful for probing the charm Yukawa at LHeC. We anticipate further improvements in the cut criteria and tagging efficiency that lead to larger significance and signal-to-background. Nevertheless, the crude estimation for the sensitivity of the charm Yukawa coupling shows a significant improvement over the results of the LHC [32] . The CEPC is expected to make an excellent measurement of the charm Yukawa coupling and constrain δy c to ∼ 2% [49] . In principle, the Higgs-charm Yukawa coupling could be probed in e + e − collision through two modes: decay and direct production. There are many QCD radiative processes associated with jet production in the final state. Nonetheless, because of the larger phase-space, the dominant contribution is still from the processes In order to reduce the background overshadowing the signal, effective cuts are needed. As with the LHeC, the invariant mass M (c, c) of the two c-jets might be a good kinematic observable to distinguish the signal and backgrounds. As the mother particle of a jet is unknown, we pick two jets whose invariant mass is closest to 125 GeV to reconstruct M (c, c). and M (j.j) to better discriminate between the signal and backgrounds. The selection cuts and cut-flow for the signal and background events are shown in Table. V. Table. II. Table. II, all backgrounds are reduced by approximately two orders.
ν + two jets is essentially negligible.
C. electronic decay channel: Z → e + e − In this channel, Z boson decays to a positron and electron pair. As before, the jets from the backgrounds are divided into three categories according to their invariant mass. The main irreducible backgrounds come from processes with a e + e − pair and two jets in the final states e + e − → e + e − cc, e + e − jj, e + e − bb.
All final states are produced by pure EW/QED processes without QCD radiations. The dominant contribution comes from e + e − → ZZ/Zγ * /γ * γ * and W + W − followed by gauge boson hadronic and leptonic decays. Process from Z, γ or W bremsstrahlung through t-channel, e.g., e + e − → e + e − Z, Z → jj, also need be considered, which features an event shape that is mostly in the forward or backward directions. There is the e + e − → Zh, Z → e + e − , h → bb process with the same kinematic features as the signal, which is added to the e + e − bb background. We expect to reduce it with jet tagging. Both the signal and backgrounds in this channel have small rates as a result of the smallness of the coupling strength. The cross sections of the signal and backgrounds are shown in Table. The selection cuts and cut-flow for the signal and background events are shown in Table. VII 0 Table. II.
M (c, c) and M (e + , e − ) cuts reduce all the backgrounds by approximately one to two orders.
The Pseudorapidity cut is used to eliminate events with the forward positron and electron in the final state, but the improvement is marginal since many of these events are already excluded by the invariant mass cuts. The remaining e + e − bb events are mostly from the associated production of the Higgs and Z boson, and are difficult to be distinguished from the signal kinematically. Fortunately, b tagging brings it down by a factor of 5 after the kinematic cuts.
D. muonic decay channel:
The event selection in muon channel is similar to the electron channel case. The main irreducible backgrounds are the following processes:
These are also pure EW/QED processes. A difference between muon and electron channels is that the gauge boson bremsstrahlung processes through t-channel disappear, since there is no flavor changing the neutral current in the SM. Of course, the s-channel process still contributes. Table. VIII, which are still small. But without the t-channel gauge boson bremsstrahlung in background, the significance and signal-tobackground would be improved. 
We plot the invariant mass M (c, c) of the two c-jets and M (µ + , µ − ) of a muon pair in Fig.7 .
The red line corresponds to the signal, the green, cyan and blue lines correspond to the three different backgrounds respectively. The signal M (µ + , µ − ) has a sharp peak at the Z boson mass (m Z = 91.18 GeV), while the backgrounds have a flat tail in the small M (µ + , µ − ) region, where
Hence the cut near the 125 GeV is effective for reducing the backgrounds.
Moreover, the pseudorapidity cut is no longer needed due to lack of the forward final states from the t-channel processes. In a word, only two kinematic cuts are set in Table. IX. Table. II.
Cross sections in this channel increase prominently because of the large branching fraction Br(Z → ν ν ) ≈ 20.5%. With no QCD interactions, the main irreducible backgrounds are
where = e, µ, τ . The dominant subprocess chains are e + e − → ZZ, Z → hadrons, Z → ν ν and e + e − → Zγ * , γ * → hadrons, Z → ν ν . The t-channel gauge boson bremsstrahlung through charged current processes appears as a background in this channel, but only for the case where ν = ν e . The cross sections of the signal and backgrounds are given in Table. X. We find the signal cross section 50 times larger than those in previous leptonic channels. However, the appearance of invisible particles is a challenge in constructing kinematic observables in the final state, since we can only obtain their transverse momenta by momentum conservation.
That is to say, one can not reconstruct the invariant mass of the two invisible neutrinos as the full information of their momenta is unavailable. Therefore, instead of the invariant mass M (ν ,ν ),
we appeal to the distributions of the missing transverse momentum, and of the transverse mass Table. II.
The transverse momentum / E T could reduce the µ + µ − cc and µ + µ − jj backgrounds by a factor of 2, while keeping approximately 92% of the signal. The invariant mass M (c, c) is still a useful quantity to suppress the backgrounds. In contrast, the transverse mass M T is inefficient. After tagging all the jets, the remaining reducible background events are small and comparable to the signal. The greatest advantage of the invisible decay channel is the relatively large number of the signal events after all cuts, which is 6 times that in leptonic channel, and 3 times that in hadronic channel.
F. Combination and Results
We compute the signal significance (Z) and the signal-to-background (S/B) in the same way as described in section II C. Here we also include the 1% systematic error. S and B correspond to different signals and backgrounds in various channels. Using the Bessel formula to estimate the corresponding errors [47] , we combine the four channels. The significance (Z) and the signalto-background (S/B) are shown in Fig.9 . The magenta, green, blue and brown lines correspond to the hadronic, electronic, muonic, and invisible decay channels respectively. The red line is the combined result of the four channels. Solid and dashed lines represent different integrated luminosities. It is clear that the invisible decay channel shows a higher significance than others, while the signal-to-background for various channels shows less difference except for the hadronic decay, whose S/B is much smaller. When κ c = 1, the significance of the invisible decay could reach up to 5.2(7.9)σ with the 2(5) ab −1 integrated luminosity. In contrast, the muonic can not reach 5σ until κ c ∼ 1.7(1.2) with the 2(5) ab −1 . The hadronic is a difficult channel, which gets to 5σ at a much larger κ c . After combining all channels, the significance goes up to 8.0(11.3)σ at κ c = 1 when L = 2(5) ab −1 and the signal-to-background is close to one. Of course our rough estimation based on the MC simulation leaves out many reducible backgrounds in realistic detectors. We expect real data from these detectors in the future will help improve the accuracy of the results. Searching for the Higgs-charm Yukawa coupling can provide a crucial validation for the Higgs mechanism with the second generation charged fermions. It has been proven difficult to measure it at hadron colliders like the LHC. In this paper, we discuss physics potential for measuring the charm Yukawa at the LHeC and CEPC via WBF and ZH processes respectively, followed by the h → cc inclusive decay. Through simulation, we found that with a 60 GeV and -80% polarization electron beam, and a 3 ab −1 integrated luminosity, the signal significance is 2σ (95% C.L.) for κ c 1 at the LHeC with 60 GeV and -80% polarization electron beam, while at the CEPC, the signal significance goes up to 8.0(11.3)σ for the SM charm Yukawa with a 2(5) ab −1 integrated luminosity after combination of four channels. e + e − → Zh, Z → ν ν , h → cc shows a promising potential for measuring the charm Yukawa directly at positron-electron colliders because of the clean background and high production rate, even though there are invisible neutrinos in the final states. We expect complementary studies with more effective selection criteria and realistic detector level analysis to be helpful for probing the charm Yukawa accurately.
